Electron transfer-induced ring opening of α-epoxyketones by 2,4,6-triphenylpyrylium tetrafluoroborate (TPT) in cyclopentanone resulted in the diastereoselective formation of 2,5-dioxaspiro[4,4]-nonanes through C α -O bond cleavage and following nucleophilic attack of cyclopentanone to radical cation intermediates. The readiness for ring opening is influenced by the nature and the location of the additional substituent on the α-epoxyketones.
Introduction
Single electron transfer-(SET) induced ring opening of epoxides and α-epoxyketones occurs in the presence of suitable electron-withdrawing catalysts or photocatalysts [1 -3] . In this case, the electron transfer process leads to the formation of radical cation intermediates, which upon attack of suitable nucleophiles accomplish the reaction. The ring opening reaction of α-epoxyketones has been recognized as an important process not only in thermal but also in photochemical reactions, which occur either through a C-C, C α -O or C β -O bond cleavage. Some of these reactions were reported using various catalysts or photocatalysts such as AlCl 3 [4] , p-toluenesulfonic acid [5] , dicyanoanthracene (DCA) [2] , tetracyanoethylene (TCNE) [1] , 2,4,6-triphenylpyrylium tetrafluoroborate (TPT) [3, 6 -10] , 1-benzyl-2,4,6-triphenylpyridinium tetrafluoroborate (NBTPT) [11, 12] , 2, [13, 14] , and 7, 7, 8, [15] .
2,4,6-triphenylpyrylium tetrafluoroborate (TPT) is widely used as an electron transfer photosensitizer for various organic transformations such as decarboxylation of amino acids [16] , photooxidation of N, N-dibenzylhydroxylamine [17] , photochemically promoted Diels-Alder reactions of 1,4-diaryl-1-azabutadienes with 2,3-dihydrofuran [18] , [3+2]-cycloaddition of electron-rich olefins to oxiranecarbonitrile [19] , and the above mentioned reactions. 0932-0776 / 11 / 0600-0603 $ 06.00 c 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com
In our recent studies, we have investigated the photocatalytic ring opening of various α-epoxyketones of interest by TPT as photocatalyst in the presence of methanol [7] , cyclohexanone [8] , acetic acid [9] , and acetone [10] . The aims of these studies were to elucidate the effect of the additional substituent on the parent molecule and the nucleophilicity and also the steric hindrance of the solvent molecule on the rate and diastereoselectivity of the reaction. Among the nucleophiles studied, only the reaction in the presence of cyclohexanone resulted in the formation of a single diastereomer. The reason is possibly the steric hindrance of cyclohexanone compared to other nucleophiles in the attack on the proposed reaction intermediates from the less hindered side [8] . In continuation of these studies, we have investigated the photocatalytic ring opening of certain α-epoxyketones by TPT in cyclopentanone to elucidate the effect of the nature and the steric hindrance of the nucleophile on the diastereoselectivity of the reaction.
Results and Discussion
Irradiation (λ ≥ 400 nm) of α-epoxyketones 1a -h and the photocatalyst 2 in a molar ratio of 10 : 1 in cyclopentanone/dry acetonitrile (19 mL/1 mL) resulted in the opening of the epoxide ring and formation of the diastereomeric spiro-1,3-dioxolanes 3a -e, 4a -e, 4g, h, of the β -diketone 5, the cis-α-epoxyketone 6g, and also of the chalcones 7e, f, h (Scheme 1). It should Scheme 1. be mentioned that for selective excitation of 2, the light was passed through a filter solution to prevent the absorption of light by compounds 1a -h. The results are summarized in Table 1 .
The results obtained in the present study and especially in comparison to those obtained on irradiation in cyclohexanone [8] show that the substituted α-epoxyketones 1a -h behave totally different in the reaction. Whereas the reaction of 1a -e in the presence of 2 in cyclohexanone resulted in the formation of solely the cis-diastereomeric 2,5-dioxaspiro [4, 5] decanes 8a -e (Scheme 1), the formation of cis-and trans -2,5-dioxaspiro[4,5] nonanes 3a -e, 4a -e and 4g, h and other products has been observed upon irradiation in cyclopentanone.
IR and 1 H NMR data have provided useful information for the structural assignment of the products. Monitoring of the photoreaction (conversion of 1a -e, 1g -h and formation of 3a -e, 4a -e, 4g -h) was carried out by IR spectroscopy, which showed a the shift of the CO band of the aroyl group to higher frequency due to the opening of the epoxide ring and release of the ring strain, and the appearance of the aliphatic CH stretching vibration (2850 -2950 cm −1 ) because of addition of cyclopentanone. A comparison of the CO frequencies is shown in Table 2 . 1 H NMR spectra were helpful for the stereochemical assignment of the isomeric dioxolanes (Table 3 ). An AB system for protons 3-H and 4-H of the dioxolane ring was observed at δ = 4.96 -6.08 ppm. According to the Karplus-Conroy equation, and using the Karplus diagram [20] , a larger coupling constant is expected for 3-H and 4-H in the cis-products (4a -e and 4g, h). The chemical shifts for 3-H and 4-H of 4a -e, 4g, h (cis-products) are closer to each other in comparison to those of 3a -e (trans-products), and the chemical shifts of the aromatic protons are closer and appear at higher field for the cis-isomer, which is possibly due to the parallel alignment of the aromatic rings.
Density functional theory at the B3LYP/6-31++G** level was applied to study structural, electronic, and bonding characteristics of the photoproducts. The analysis showed that 4-H is located in the plane of the phenyl ring, whereas 3-H lies parallel to the phenyl ring of the benzoyl moiety (Fig. 1 ). This causes a deshielding of 4-H and a shielding of 3-H, respectively. The dihedral angle formed by H 3 -C 3 -C 4 -H 4 in both isomers support the observed different coupling constants. All these theoretical data confirm the assumed assignments.
Due to the failure of the ring opening reaction of α-epoxyketones in the absence of light and photocatalyst, we have proposed a mechanism involving an electron transfer-induced ring opening in the presence of various photocatalysts [7] . The proposed electron transfer from α-epoxyketones to the electronically excited photocatayst leads to the formation of three different radical cation intermediates 9 -11 (Scheme 2). Their stability and their involvement in the reaction depend on the location of the additional substituent in the parent molecule 1a. The attack of a suitable nucleophilic solvent to the proposed intermediates either from the upper side or the lower side accomplishes the reaction. This indicates also that the size and the nucleophilic strength of the solvent molecule can explain the observed diastereoselectivity and the rate of reaction. Scheme 2. The interesting results in the present study, especially compared with the reaction in cyclohexanone solution, indicate that due to the smaller size of cyclopentanone, a nucleophilic attack at both sides to the reaction intermediates leads to the formation of both diastereomers 3 and 4. The results show also that the preferred attack of cyclopentanone at the reaction intermediates occurs from the less-hindered side to from the cis-isomers 4a -e and 4g, h, and that the electronic nature of the α-epoxyketone depending on the location of the additional substituent in the parent molecule 1a explains its effect on the required time of irradiation.
The photoisomerization of trans-α-epoxyketones to the corresponding cis-compounds has been explained with heterolytic C α -O bond cleavage [21] . Recently, we have reported the same photoisomerization, but in the presence of 1-benzyl-2,4,6-triphenylpyridinium tetrafluoroborate (NBTPT) as photocatalyst [11] . The same mechanism is proposed for the photoisomerization of 1g in the presence of the photocatalyst 2 to the corresponding cis-α-epoxyketone 6 in this study. Another result of this study is the deoxygenation of some α-epoxyketones to the corresponding chalcones. The same reaction also occurs by irradiation of these compounds in the presence of 1-benzyl-2,4,6-triphenylpyridinium tetrafluoroborate (NBTPT) as photocatalyst [11] . We have observed again the same reaction in the presence of the photocatalyst 2 for the formation of the chalcones 7e, f, h.
Another interesting result in the present study is the conversion of 1h to 5. Photorearrangement of compound 1h to the β -diketone 5 has already been reported upon irradiation (Scheme 3a) [22] . Since the light has been passed through the filter solution to avoid direct excitation of α-epoxyketones, we can propose a mechanism, in which the photocatalyst is involved in the conversion (Scheme 3b).
According to the proposed mechanism, C α -O cleavage of the complex leads to the formation of a radical cation intermediate. 
Conclusion
In conclusion, we have found that due to the smaller size of cyclopentanone compared with cyclohexanone, nucleophilic attack of the former at the proposed reaction intermediates results in the formation of diastereomeric spiro-1,3-dioxolanes. The formation of cis-α-epoxyketones, chalcones and β -diketones has also been observed in the present study.
Experimental Section
Melting points were determined with a Stuart Scientific SMP2-apparatus and are uncorrected. IR spectra were recorded using KBr pellets on a Jasco FT/IR-6300 spectrometer. 1 H NMR spectra were recorded on a Bruker 400 MHz spectrometer in CDCl 3 and [D 6 ]DMSO with TMS as internal standard. Mass spectra were measured by electron impact at 70 eV on a Micromass Platform II instrument. Preparative thin layer chromatography (PTLC) was carried out on 20 × 20 cm 2 plates, coated with a 1 mm layer of Merck silica gel PF 254 , prepared by applying the silica as slurry and drying in air. All irradiations were carried out using a 400 W high-pressure Hg lamp from NARVA in Duran glass equipment. The light was passed through a filter solution (75 g L −1 of NaNO 2 and 4.4 g L −1 of CuSO 4 in 2.7 M NH 4 OH) [23] to obtain λ ≥ 400 nm for the selective excitation of the photocatalyst 2 and also to prevent the absorption of the light by 1a -h.
To a solution of 0.08 mmol of 2 in dry acetonitrile (1 mL) and cyclopentanone (19 mL) (c = 0.004 M) was added 0.8 mmol of an α-epoxyketone 1a -h (c = 0.04 M), and the mixtures were irradiated until maximum progression of the reaction was observed. The irradiation times are given in Table 1. The excess of cyclopentanone was evaporated under reduced pressure, and the residue was purified by preparative TLC (PTLC). -1,3-diphenyl-2,3-epoxy-1-propanone (1a) PLC, petroleum ether:ethyl acetate = 15 : 2, two times; zone 1 (R f = 0.71), 39 mg (33 % based on consumed 1a and 22 % based on used 1a) of 3a, washed with n-hexane; m. p.: 103 -105 • C.
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